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pursuit	 of	 health	 care	 that	 considers	 an	 individual’s	 predisposition,	 risk	 factors	 or	manifest	 illness	 but	
also	values	and	preferences	to	inform	medical	decisions.	A	possible	approach	for	personalized	medicine	
is	 to	 stratify	patients	 according	 to	 the	 risk	of	disease	or	 adverse	outcomes	as	estimated	by	prediction	
models	 that	 may	 include	 any	 indicators	 of	 the	 factors	 listed	 before.	 Estimated	 risks	 help	 balancing	
expected	benefits	and	harms	of	preventive	or	 therapeutic	 interventions	 for	an	 individual.	Hundreds	of	
prediction	 models	 have	 been	 developed	 across	 the	 medical	 field.	 Beside	 their	 clinical	 application,	
prediction	models	are	also	used	 in	research	to	control	 for	confounding,	to	efficiently	explore	subgroup	









exacerbations.	 Outcome	 definitions,	 the	 number	 and	 type	 of	 predictors,	 time	 horizon,	 statistical	
methods	 and	 measures	 of	 prediction	 model	 performance	 were	 so	 heterogeneous	 that	 it	 was	 not	
possible	to	identify	the	most	accurate	prognostic	model	for	exacerbations.	We	identified	a	great	need	for	
external	validation	and	comparison	of	available	models	 in	order	to	inform	practice	on	which	models	to	
use.	 In	 the	 second	 paper,	 we	 describe	 the	 development	 of	 multiple	 score	 comparison	 (MSC)	 meta-
analysis	that	enables	external	validation	and	comparison	of	multiple	prediction	models	or	their	simplified	
versions	for	prognosis,	prognostic	scores.	We	provided	a	two-step	approach,	which	first	performs	meta-
analyses	 of	 the	 performance	 of	 prognostic	 scores	 among	 cohort	 studies	 that	 have	 data	 for	 the	 same	
prognostic	scores	and	then	aggregates	the	results	across	the	groups	of	cohorts.	The	method	builds	upon	
network	 meta-analytic	 techniques	 used	 for	 multiple	 treatment	 effect	 comparisons	 but	 deals	 with	 a	
number	of	challenges,	like	the	correlation	of	data	within	cohorts	(that	is	much	more	pronounced	than	in	
randomized	trials),	the	selection	of	the	predictive	performance	metric	(so	far	restricted	to	the	area	under	
the	 curve	 or	 discrimination,	 respectively)	 as	 well	 as	 the	 assessment	 of	 consistency,	 transitivity	 and	
heterogeneity.	 In	 the	 third	paper,	we	applied	our	methodology	 to	patients	with	COPD.	We	had	at	our	
disposal	a	large-scale	database	with	24	international	cohort	studies	and	15762	patients	(1871	deaths	and	
42203	person-years	of	follow-up)	from	primary,	secondary	and	tertiary	care	settings	that	provided	data	
to	 calculate	 between	 two	 and	 nine	 prognostic	 scores	 depending	 on	 the	 cohort	 study.	 The	ADO	 score	
(including	age,	dyspnea	and	forced	expiratory	volume	on	lung	function	measurement)	outperformed	all	
other	 scores	 to	 predict	 3-years	 mortality	 in	 COPD.	 The	 assumption	 of	 transitivity	 was	 not	 violated.	
Heterogeneity	across	direct	comparisons	was	small	and	we	did	not	identify	any	substantial	local	or	global	








practice	 because	 they	 lack	 external	 validation	 and	 comparisons	 among	 each	 other.	 An	 accurate	
prediction	 model	 for	 exacerbations	 is,	 however,	 of	 great	 important	 for	 personalized	 care	 of	 COPD	
patients	since	prognostic	knowledge	provides	great	value	for	the	benefit-harm	assessment	of	drug	and	
non-drug	 therapies	 and	 supports	 the	prevention	of	 exacerbation	as	 a	 key	 goal	 of	 COPD	management.	
The	methodology	for	MSC	meta-analysis	developed	and	applied	here	shows	a	novel	and	much	needed	
way	 to	 externally	 validate	 and	 compare	 prognostic	 scores.	 While	 we	 showed	 an	 example	 of	 its	
application	for	prediction	models	to	estimate	the	risk	of	mortality	in	COPD	patients,	MSC	meta-analysis	


























die	 Stratifizierung	 von	Patienten	nach	Krankheitsrisiko	oder	dem	Risiko	 von	Ereignissen.	Diese	 können	
mittels	 	 Prognosemodellen	 geschätzt	 werden,	 die	 verschiedene	 der	 zuvor	 genannten	 Faktoren	 mit	
einbeziehen.	Risikoschätzungen	helfen	dabei,	den	erwarteten	Nutzen	und	die	Risiken	präventiver	oder	
therapeutischer	 Interventionen	 gegeneinander	 abzuwägen.	 Eine	 Vielzahl	 von	 Prognosemodellen	 ist	 im	
medizinischen	 Bereich	 entwickelt	 worden.	 Neben	 ihrer	 klinischen	 Anwendung	 finden	 sie	 auch	 in	 der	
Forschung	Verwendung,	etwa	zur	Kontrolle	von	Confounding	(Störgrössen),	zur	effizienten	Untersuchung	
subgruppenspezifischer	 Effekte	 oder	 zur	 Identifizierung	 von	 Patienten,	 welche,	 um	 in	 eine	 klinische	
Studie	 aufgenommen	 werden	 zu	 können,	 einer	 vorspezifizierten	 Risikogruppe	 angehören	 müssen.	
Jedoch	 fehlt	 es	 oft	 an	 einer	 externen	 Validierung	 der	 Prognosemodelle	 (um	 die	 Generalisierbarkeit	
sicherzustellen)	 sowie	 am	 Vergleich	 zu	 anderen	 Modellen.	 Dies	 stellt	 die	 Hauptmotivation	 für	 die	
vorliegende	Dissertation	dar.	 Ihr	Fokus	 liegt	auf	Prognosemodellen	 für	Exazerbation	und	Mortalität	bei	
Patienten	mit	chronisch	obstruktiver	Lungenerkrankung	(chronic	obstructive	pulmonary	disease,	COPD),	
sie	 behandelt	 aber	 auch	 allgemeiner	 Methoden	 zur	 externen	 Validierung	 und	 zum	 gleichzeitigen	
Vergleich	von	Prognosemodellen.	
Der	 erste	 Artikel	 dieser	 Dissertation	 stellt	 einen	 systematischen	 Review	 von	 Prognosemodellen	 zur	
Schätzung	des	Risikos	einer	Exazerbation	bei	COPD-Patienten	dar.	Insgesamt	25	Studien	mit	27	Modellen	
zur	Vorhersage	einer	Exazerbation	wurden	einbezogen.	Die	Definition	des	Outcomes,	Zahl	und	Art	der	
Prädiktoren,	 Zeithorizonte	 sowie	 statistische	 Methoden	 und	 Masse	 für	 die	 Prognosegüte	 waren	 so	
heterogen,	 dass	 es	 nicht	 möglich	 war,	 das	 genaueste	 Vorhersagemodell	 auszumachen.	 Es	 wurde	
deutlich,	 dass	 ein	 grosser	 Bedarf	 nach	 externer	 Validierung	 und	 dem	 Vergleich	 verfügbarer	 Modelle	
besteht,	um	zu	bestimmen,	welche	Modelle	in	der	Praxis	verwendet	werden	sollten.	Im	zweiten	Artikel	
beschreiben	wir	die	Entwicklung	der	Multiple	Score	Comparison	(MSC)	Meta-Analyse,	die	es	ermöglicht,	
verschiedene	Prognosemodelle	 oder	 -scores	 extern	 zu	 validieren	und	 zu	 vergleichen.	Wir	 schlagen	ein	
Zweischrittverfahren	vor:	Zunächst	wird	eine	Meta-Analyse	für	die	Güte	von	prognostischen	Scores	über	
verschiedene	Kohortenstudien,	deren	Daten	die	Berechnung	der	selben	Scores	erlauben,	durchgeführt.	
Die	 Ergebnisse	 werden	 über	 die	 verschiedenen	 Kohortenstudien	 aggregiert.	 Die	 Methode	 baut	 auf	
Techniken	 der	 Netzwerkmetaanalyse	 zur	 Kombination	 mehrerer	 Vergleiche	 von	 Behandlungseffekten	
auf.	 Sie	 muss	 jedoch	 mit	 verschiedenen	 Schwierigkeiten	 umgehen	 können,	 etwa	 der	 Korrelation	 von	
Daten	aus	der	selben	Kohorte	(welche	weitaus	stärker	ausgeprägt	ist	als	bei	randomisierten	Studien),	der	
Auswahl	 von	Massen	 für	 die	 Prognosegüte	 (bisher	 auf	 die	Area	under	 the	Curve	bzw.	Diskriminierung	
beschränkt)	sowie	der	Beurteilung	von	Konsistenz	und	Transitivität.	Im	dritten	Artikel	wenden	wir	unsere	
Methode	 auf	 COPD-Patienten	 an.	 Hierfür	 stand	 uns	 eine	 grosse	 Datenbank	 mit	 24	 internationalen	
Kohortenstudien	und	15762	Patienten	(1871	Todesfälle	und	42203	Personenjahre	Follow-up)	aus	Primär-





und	 das	 forcierte	 exspiratorische	 Volumen	 aus	 einem	 Lungenfunktionstest	 beinhaltet)	 schnitt	 bei	 der	
Vorhersage	von	Dreijahresmortalität	bei	COPD-Patienten	am	besten	ab.	Die	Transitivitätsannahme	war	
nicht	 verletzt,	 die	 Heterogenität	 zwischen	 direkten	 Vergleichen	 war	 gering	 und	 wir	 konnten	 keine	
wesentliche	 lokale	oder	globale	 Inkonsistenz	 feststellen.	Neben	der	Vorhersagegüte	sollte	die	klinische	
Anwendbarkeit,	 insbesondere	 die	 Verfügbarkeit	 von	 Prädiktoren	 und	 die	 damit	 verbundenen	 Kosten,	
sowie	 potenzielle	 Risiken	 für	 den	 Patienten	 bei	 der	 Empfehlung	 eines	 Scores	mit	 einbezogen	werden.	
Auch	 in	 dieser	 Hinsicht	 erschien	 der	 ADO	 Score	 aufgrund	 seiner	 Einfachheit	 und	 der	 leichten	
Verfügbarkeit	der	Prädiktoren	am	attraktivsten.	
Die	 vorliegende	 Dissertation	 zeigt,	 dass	 prognostische	 Scores	 zur	 Schätzung	 des	 Risikos	 einer	
Exazerbation	 bei	 COPD-Patienten	 für	 die	 Praxis	 noch	 nicht	 bereit	 sind,	 da	 externe	 Validierung	 und	
Vergleiche	 zwischen	 Scores	 fehlen.	 Ein	 präzises	 Prognosemodell	 für	 Exazerbationen	 ist	 jedoch	 von	
grosser	 Wichtigkeit	 für	 die	 individuelle	 Behandlung	 von	 COPD-Patienten.	 Prognostisches	 Wissen	 ist	
wertvoll	 für	 Nutzen-Risiko-Analysen	 von	 medikamentösen	 und	 nicht-medikamentösen	 Behandlungen	
und	unterstützt	mit	der	Vermeidung	von	Exazerbationen	eines	der	Kernziele	des	COPD-Managements.	
Die	 hier	 entwickelte	 und	 angewandte	 MSC-Metaanalyse-Methode	 stellt	 ein	 neues	 und	 dringend	
benötigtes	Verfahren	 zur	externen	Validierung	und	 zum	gleichzeitigen	Vergleich	prognostischer	 Scores	
dar.	 Während	 unser	 Anwendungsbeispiel	 Prognosemodelle	 zur	 Schätzung	 des	 Mortalitätsrisikos	 von	
COPD-Patienten	behandelt	 kann	die	Methode	 in	 jedem	Teilgebiet	der	Medizin	Anwendung	 finden	und	
begegnet	dem	grossen	Bedarf	zur	externen	Validierung	und	zum	Vergleich	von	Prognosemodellen.	Auf	











































































Prediction	models	assess	a	person’s	 risk	of	developing	a	disease	or	an	adverse	outcome	 in	 the	 future.	
They	are	 supposed	 to	be	helpful	 in	 clinical	 practice,	 public	health	management	 and	medical	 research1	
and	 it	 has	 been	 shown	 that	 prediction	 models	 can	 be	 as	 accurate	 as	 physicians’	 assessments2,3	 and	
realistically	 complement	 them	 in	 a	 fruitful	 way.	 In	 some	 medical	 fields,	 leading	 guidelines	 strongly	
recommend	the	use	of	prediction	models	or	 the	underlying	 risk	prediction	scores	 for	clinical	practice.4	
For	 instance,	 in	 cardiovascular	medicine,	 risk	 scores	 are	 used	 in	 clinical	 practice	 to	 guide	 primary	 and	




the	 risk	 of	myocardial	 infarction	 or	 stroke	 over	 10	 years.16	 Online,	 tablet	 or	 smartphone	 applications	
have	been	made	available	(Figure	1)	that	make	it	easy	for	clinicians	to	use	such	risk	scores.	For	example,	














the	 expected	 benefit-harm	 balance,	 that	 is,	 to	 prescribe	 treatments	 only	 if	 the	 benefits	 (in	 terms	 of	
reduced	risk	of	adverse	outcome)	are	expected	to	outweigh	the	harms.	For	example,	 in	cardiovascular	
primary	prevention,	the	use	of	lipid	lowering	drugs	in	addition	to	a	healthy	lifestyle	is	only	recommended	





Risk	 thresholds	 for	 recommending	 for	 or	 against	 treatment	 can	 be	 determined	 using	 quantitative	
benefit-harm	 assessment	 that	 takes	 into	 account	 outcome	 risks	 of	 a	 population	 or	 its	 subgroups,	
treatment	 effects	 as	 estimated	 in	 randomized	 trials	 as	 well	 as	 the	 importance	 of	 benefit	 and	 harm	
outcomes.	For	example,	a	quantitative	benefit-harm	assessment	suggested	that	a	novel	drug	for	patients	
with	chronic	obstructive	pulmonary	disease	(COPD)	is	only	indicated	if	the	one	year	risk	for	very	severe	
exacerbations	 requiring	 a	 hospital	 admission	 is	 at	 least	 20%.17	 Below	 this	 risk,	 the	 harm	 from	
gastrointestinal,	 psychiatric	 and	neurological	 side	 effects	 is	 very	 likely	 to	outweigh	 the	benefits	 of	 the	
novel	drug.	 For	 clinicians	 to	act	on	 such	evidence	 it	 is	 a	prerequisite	 to	estimate	 risks	 for	 such	events	




trials	 (RCT),	 for	 efficiently	 identifying	 subgroup	 effects,	 for	 statistical	 analysis	 (adjustment	 for	
confounders)	in	RCTs	and	observational	studies.	
RCT	should	define	eligibility	in	a	way	that	ensures	the	safety	of	patients	both	with	respect	to	benefit	and	
harm	 outcomes.	 In	 some	 situations,	 for	 example	 as	 described	 before	 for	 the	 novel	 drugs	 to	 prevent	
exacerbations	 in	 COPD	 patients,	 harms	 can	 be	 expected	 so	 that	 only	 patients	 at	 higher	 risk	 for	 the	




situations,	 prediction	 models	 can	 help	 to	 explicitly	 estimate	 the	 risk	 of	 the	 outcome	 of	 interest	 and	
include	or	exclude	patients	accordingly.		
Another	application	is	pre-stratification	in	an	RCT,	in	order	to	control	for	confounding.	Confounders	are	
defined	 as	 variables	 that	 are	 associated	with	 both	 the	 exposure	 and	 the	 outcome	 and	 do	 not	 act	 as	
mediators,	 possibly	 biasing	 the	 relationship	 of	 exposure	 and	 outcome.	 In	 small	 RCTs	 or	 even	 in	
moderately	sized	RCTs	with	populations	that	have	diverse	outcome	expectations,	randomization	may	not	
yield	 balanced	 groups.	 Pre-stratification	 offers	 additional	 control	 for	 confounding.	 Prediction	 models	
carry	more	information	than	single	characteristic	so	that	the	predicted	risk	can	be	used	for	more	efficient	
pre-stratification.	 Similar	 efficiency	 considerations	 apply	 to	 the	 statistical	 control	 for	 confounding	
through	adjustment	or	for	the	identification	of	effect	modification	in	RCTs	or	observational	studies.	If	the	
number	of	events	is	limited	statistical	models	may	not	afford	many	covariates	to	adjust	for	confounding	
or	 to	 identify	 differences	 in	 effects	 across	 subgroups.	 Prediction	 models,	 by	 combining	 pertinent	
outcome	 predictors,	 carries	 more	 information	 than	 single	 characteristics	 and	 offer	 a	 way	 for	 more	
parsimonious	models	without	losing	(much)	information.		
The	problem	of	lacking	validations	and	comparisons	of	prediction	models	
Most	 clinical	 fields	 have	 still	 a	 long	way	 to	 go	 on	 the	 path	 between	model	 development	 and	 clinical	




particular,	 the	 generalisability	 of	 a	 prediction	model	 is	 ensured	 by	 demonstrating	 good	 accuracy	 (i.e.	
prognostic	 properties	 in	 its	 derivation	 cohort,	 namely	 the	 cohort	 in	 which	 it	 was	 developed),	 good	
reproducibility	 (i.e.	a	good	performance	of	 the	model	 in	 the	same	source	population	of	 the	derivation	





Prediction	models	 have	 been	 developed	 to	 assess	 the	 individual	 risk	 of	 adverse	 outcomes	 in	 various	
medical	 fields.	 For	 instance,	 over	 the	 past	 two	 decades,	 numerous	 prediction	 models	 have	 been	
developed	 to	 estimate	 the	 risk	 of	 developing	 cardiovascular	 disease.	 A	 recent	 systematic	 review	
concerning	 prediction	models	 for	 cardiovascular	 disease	 risk	 in	 the	 general	 population19	 included	 212	
studies,	referring	to	the	development	of	363	prediction	models	and	473	external	validations.	Only	132	of	
the	developed	models	 (36%)	were	 externally	 validated,	 and	only	 70	 (19%)	 of	 these	were	 validated	by	
independent	investigators.		
Even	 if	 many	 scores	 have	 been	 developed	 and	 published,	 they	 are	 sometimes	 not	 used	 in	 clinical	
practice.	One	 reason	 for	 general	 practitioners	not	using	 them	 is	 the	 lack	of	 external	 validation	 so	 that	
they	do	not	know	if	a	prognostic	model	predicts	a	risk	accurately	for	“their”	patients20,21,	a	prerequisite	
for	 generalizability18,22.	 Indeed,	 a	 prerequisite	 for	 the	 models’	 reliability	 is	 that	 the	 risk	 of	 adverse	
outcome(s)	can	be	accurately	predicted	by	a	prediction	model1,23,24	that	has	been	thoroughly	developed	











Indeed,	 the	 collection	 of	 “big	 data”	 is	 becoming	 more	 common32	 as	 is	 the	 growing	 availability	 of	
individual	patient	data	(IPD).33–38	International	collaborative	efforts39–41	start	to	give	life	to	the	call	of	the	
medical	 community	 for	 data	 sharing.42	 Thus,	 researchers	 are	 provided	 with	 new	 opportunities	 (and	
challenges)43,44.	For	example,	there	may	be	the	possibility	of	checking	a	model’s	predictive	performance	
across	 clinical	 settings,	 populations,	 and	 subgroups43	 or	 of	 updating	 (or	 recalibrating)	 models,1	 or	
allowing	 for	head-to-head	comparisons;43,45	a	challenge	 is	 checking	 the	 transportability	associated	with	
external	 validation	 studies.46	A	 possible	 approach	 to	 compare	 several	 scores	 together	 across	 different	
cohorts	 is	 to	pool	available	databases	and	then	perform	the	comparative	analysis	on	 the	single	pooled	






Extending	 the	 simple-pooling	 approach	 to	 pool	 direct	 comparisons	 taken	 from	 different	 studies	 is	 a	
logical	next	step,	to	explore	heterogeneity	and	its	effects	on	the	usefulness	of	prognostic	scores.	Indeed,	
in	prognostic	performance	comparison,	simply	reporting	a	model’s	overall	performance	(averaged	across	
all	 clusters	 and	 individuals)	 is	 not	 sufficient	 because	 it	 can	mask	 differences	 across	 these	 clusters	 and	
subgroups	(in	the	same	way,	as	analyzing	pooled	data	not	weighting	them,	would	ignore	characteristics	





COPD	 is	 a	 complex	 disease	 and	 medical	 literature	 indicates	 management	 guidelines	 that	 categorize	
patients	according	to	the	severity	of	airflow	limitation	(GOLD	1,	2,	3,	4)	according	to	the	FEV1	%	of	the	
predicted	value	for	COPD	patients	with	of	a	specific	sex,	age	height	and	ethnicity).50–53	However,	there	is	
weak	 correlation	 between	 this	 categorization	 and	 symptoms	 of	 a	 COPD	 patient.	 Thus,	 a	 more	
comprehensive	 categorization	 (GOLD	 A,	 B,	 C,	 D)	 was	 created,	 to	 have	 a	 better	 understanding	 of	 the	
impact	 of	 the	 disease	 on	 COPD	 patients.	 This	 new	 tool	 includes,	 not	 only	 the	 spirometric	 grade	 (i.e.	
airflow	limitation),	but	also	the	exacerbation	risk	of	the	patient,	in	order	to	highlight	the	importance	of	
prevention	and	quality	of	life.50	Both	of	these	assessments	were	proven	to	poorly	perform	for	prediction	




developed	 to	estimate	 the	 risk	of	mortality,54–67	 or	 exacerbations60,61,68–95,	 the	 course	of	health-related	
quality	of	life70	or	resource	utilisation91	in	patients	with	COPD.	For	COPD,	surveys	show	that	the	majority	
of	physicians	do	not	consider	the	patient's	prognosis	(i.e.	 in	terms	of	exacerbations	or	mortality)	when	
prescribing	 COPD	 treatments	 unless	 the	 patients	 have	 very	 severe	 disease	 (e.g.	 requiring	 oxygen	 or	
surgery)	 and	 that	 current	 medical	 practice	 deviates	 substantially	 from	 the	 GOLD	 and	 other	
guidelines.39,96–99		






However,	 prognostic	 scores	may	help	 to	make	 randomized	 trials	with	 all-cause	mortality	 as	 a	 primary	
outcome	 more	 efficient	 by	 only	 including	 patients	 at	 higher	 risk.100,101	 Furthermore,	 for	 such	 multi-










This	 thesis	 focuses	 on	 prediction	 models	 for	 patients	 with	 Chronic	 Obstructive	 Pulmonary	 Disease	
(COPD)	to	predict	exacerbations	and	mortality	but	had	also	the	wider	scope	of	methods	development	for	
externally	validating	prediction	models	and	concurrently	comparing	their	performance.		
In	 the	 second	 chapter,	we	 report	 on	 a	 systematic	 review	of	prediction	models	 to	 estimate	 the	 risk	 of	
exacerbations	in	patients	with	COPD.	Chapter	3	describes	the	development	of	multiple	score	comparison	
(MSC)	meta-analysis	 that	enables	external	validation	and	comparison	of	multiple	prediction	models.	 In	
chapter	 4,	 the	 first	 application	 of	MSC	meta-analysis	methodology	 is	 described.	 For	 that	 purpose,	we	
used	a	large-scale	database	with	24	international	cohort	studies	and	15762	patients	that	provided	data	














in	 terms	of	how	patients	were	selected).	However,	most	of	 the	prediction	models	were	at	high	 risk	of	
bias	because	of	unsound	statistical	methods	used	to	develop	prediction	models	and	a	lack	of	validation.	










predictive	 performance.	 It	 is	 a	 frequentist	 two-stage	 network	 meta-analytic	 approach	 to	 compare	 all	
scores	within	a	single	analytical	 framework	accounting	 for	correlations	between	scores	within	cohorts.	
We	 assessed	 heterogeneity,	 inconsistency	 and	 transitivity	 and	 provided	 a	 performance	 ranking	 of	 the	
prognostic	scores.		





index	 has	 the	 best	 ability	 to	 predict	 3-year	mortality	 in	 patients	with	 COPD,	 followed	 by	 the	 updated	
BODE	and	eBODE	indices.	Given	its	simplicity,	the	ADO	index	may	be	the	most	attractive	option	across	
care	settings	to	inform	patients	and	health	care	professionals	about	prognosis	and	to	inform	treatment	













































































































































































































































































































































































































































































































































































































































































approaches	 are	 particularly	 attractive	 for	 drugs	 like	 inhaled	 corticosteroids	 or	 phosphodiesterase-4	
inhibitors	 that	 reduce	 exacerbations	 but	 are	 associated	with	 harms.	 However,	 it	 is	 currently	 not	 clear	
which	models	are	best	to	predict	exacerbations	in	patients	with	COPD.	Therefore,	our	aim	was	to	identify	
and	 critically	 appraise	 studies	 on	 models	 that	 predict	 exacerbations	 in	 COPD	 patients.	 Out	 of	 1382	
studies,	 25	 studies	 with	 27	 prediction	 models	 were	 included.	 The	 prediction	 models	 showed	 great	






















prescribe	 treatments	 	 such	 as	 inhaled	 corticosteroids	 or	 phosphodiesterase-4	 inhibitors	 only	 if	 their	
benefits	 in	 terms	of	 reduced	risk	of	exacerbations	109	are	expected	to	outweigh	the	harms	17,110,111.	For	
example,	a	recent	benefit	harm	assessment	of	the	phosphodiesterase-4	 inhibitor	roflumilast	suggested	




year	 so	 that	 the	 expected	 benefits	 (in	 terms	 of	 reducing	 severe	 exacerbations)	 overcome	 the	
gastrointestinal,	psychiatric	and	neurological	side	effects	of	roflumilast	17.	
Exacerbations	 are	 an	 ideal	 target	 for	 risk-stratified	 treatment	 since	 it	 is	 one	 of	 the	 most	 important	
outcomes	for	COPD	patients	and	avoiding	them	is	likely	to	lead	to	a	higher	health-related	quality	of	life,	
longer	life	and	less	health-care	cost.	However,	a	prerequisite	for	risk-stratified	treatment	is	that	the	risk	
of	 exacerbations	 can	 be	 accurately	 predicted	 by	 a	 prediction	 model	 1,23,24	 that	 has	 been	 thoroughly	
developed	and	validated	25–28.	A	number	of	models	predicting	exacerbations	in	COPD	patients	have	been	
published	reporting	on	combinations	of	information	from	patient	history,	clinical	characteristics	and	test	
results	 including	biomarkers	 to	predict	 exacerbations.	 It	 is	 still	 not	 clear	 yet,	 though,	which	prediction	
model	predicts	exacerbations	most	accurately	and	 is	applicable	 in	daily	practice.	For	this	reason,	along	
with	the	lack	of	other	systematic	reviews,	the	aim	of	this	systematic	review	was	to	identify	and	critically	










We	 identified	 eligible	 papers	 through	 a	 search	 of	 the	 databases	Medline	 (from	 1949),	 Embase	 (from	
1974)	and	Scopus	(from	1996).	The	search	was	performed	by	an	information	specialist	of	the	University	





















For	 inclusion,	 the	 analysis	 section	 of	 the	 paper	 had	 to	 refer	 to	 a	 prediction	model	 1	 or	multivariable	
association	 115,116	of	a	 set	of	predictors	with	 the	outcome	exacerbation.	By	 including	also	multivariable	
models	 without	 explicit	 reference	 to	 prediction	 models	 we	 broadened	 the	 eligibility	 of	 models	
substantially	in	order	to	learn	as	much	from	the	literature	as	possible.	But	in	order	to	foresee	the	use	of	
such	multivariable	models,	that	often	focused	on	a	single	predictor	of	 interest	(e.g.	a	biomarker)	while	
adjusting	 for	 other	 predictors	 (e.g.	 previous	 exacerbations	 or	 FEV1%	 predicted)	 a	 requirement	 for	
inclusion	 was	 that	 the	 model	 also	 included	 four	 commonly	 used	 and	 easily	 available	 predictors	 (i.e.	
previous	 exacerbations,	 smoking,	 age,	 FEV1%	 predicted)	 beside	 the	 predictor	 of	 interest.	 Indeed,	
analyses	not	accounting	for	these	four	common	predictors	may	over-estimate	the	predictive	value	of	a	
particular	 single	 predictor	 (such	 as	 a	 biomarker)	 and	 there	 is	 general	 consensus	 that	 the	 use	 of	more	
sophisticated	 predictors	 is	 justified	 only	 if	 they	 provide	 additional	 value	 when	 added	 to	 commonly	
available	predictors.	A	further	requirement	for	the	inclusion	in	the	systematic	review	was	the	presence	
of	 at	 least	 one	 performance	 of	 the	 prediction	 model	 (e.g.	 area	 under	 the	 curve	 -or	 AUC-	 for	





Two	 review	 authors	 (BG	 and	 VG)	 independently	 reviewed	 full-text	 versions	 of	 potentially	 relevant	
studies,	 and	 selected	 the	 studies.	 Disagreement	 was	 resolved	 by	 discussion	 between	 the	 two	 review	
authors.	If	consensus	was	not	reached,	a	third	review	author	was	consulted	(MP).	
Data	extraction	and	management	
Two	 review	 authors	 (BG	 and	 VG)	 independently	 extracted	 the	 following	 data	 from	 included	 studies:	
demographic	characteristics	of	the	study	population,	disease	severity,	clinical	settings,	definition	of	the	
outcome,	duration	of	the	follow-up,	details	of	the	statistical	method	as	well	as	of	the	predictors	of	the	
final	 model.	 All	 missing	 information	 was	 searched	 for	 in	 the	 references	 indicated	 in	 the	 papers	 (if	
available),	 or	 asked	 for	 by	 email	 to	 the	 authors.	 Some	 missing	 information	 was	 retrieved	 from	
pharmaceutical	companies	involved	in	the	studies	(if	needed,	by	formal	requests).		
Quality	assessment	concerned	6	categories	of	potential	bias	(participant	selection	as	shown	in	the	study	
flow,	measurement	 of	 predictors,	measurement	 of	 outcome	 (i.e.	 exacerbation),	 statistical	 analysis	 for	
model	 development,	 performance	measures	 and	 validation,	 based	 on	 guidance	 from	Cochrane	 117,	 an	








see	 online	 material).	 We	 only	 considered	 more	 than	 one	 prediction	 model	 per	 study	 if	 they	 were	
substantially	different,	as	in	Almagro	et	al.	72,	where	the	predictive	performance	of	the	CODEX,	ADO	and	





available	 if	most	 of	 them	were	 based	 on	 questions	 or	 information	 from	medical	 charts,	 to	 be	
moderately	 (M)	 available	 if	 some	 (at	 least	 2)	 were	 based	 on	 tests	 routinely	 done	 in	 non-
specialised	and	 specialised	 settings	and	 to	be	difficult	 (D)	 to	be	available	 if	 at	 least	one	of	 the	
predictor	was	based	on	a	test	usually	performed	in	specialised	settings	only	(details	concerning	
the	assessment	are	explained	later	in	the	text	and	in	the	online	material).	
2. External	 validation:	 In	 order	 to	 be	 confidently	 used	 in	 practice	 prediction	 models	 require	
validations	in	populations	other	than	the	populations	in	which	it	was	developed.	We	deemed	to	
have	high	confidence	in	the	performance	if	the	model	had	been	validated	(with	a	small	decrease	
of	 performance	 between	 derivation	 and	 validation	 cohort)	 in	 an	 external	 cohort	 of	 COPD	
patients	and,	accordingly,	low	confidence	if	an	external	validation	was	lacking.	
3. Practical	applicability:	To	be	useful	 for	risk-stratified	treatment	 in	practice	we	deemed	models	
to	be	useful	if	they	provided	a	simple	point	system	like	the	BODE	or	ADO	indices	(e.g.	54,56])	with	
corresponding	 risks	 of	 exacerbations	 (e.g.	 4	 points	 =	 25%	 probability	 of	 exacerbation	 for	 a	
specified	 time-horizon),	 an	 online	 calculator	 or	 other	 means	 to	 easily	 derive	 the	 risk	 of	
exacerbations	 for	 an	 individual	 patient.	 We	 deemed	 prediction	 models	 not	 ready	 for	 risk-







Figure	1	shows	 the	study	selection	process	and	 the	main	 reasons	 for	exclusion	at	 the	different	stages.	
From	the	database	searches	we	included	20	from	a	total	of	1345	studies.	From	additional	searches	we	










The	 included	 studies	 (Table	 1)	 were	 conducted	 in	 countries	 around	 the	 world.	 They	 are	 ordered	
according	to	categories	of	exacerbation	 incidence.	Acknowledging	the	 lack	of	standard	 in	 literature	 for	
the	individual	cut-off	value	(or	more	cut-off	values)	for	the	frequent	exacerbator	phenotype,	and	given	
the	commonly	used	cut-off	of	2	exacerbations	per	person-years	73,52	we	categorised	each	cohort	as	low	
(<1	 exacerbation	 per	 person-year),	 moderate	 (1-2	 exacerbations	 per	 person-year)	 or	 high	 (>=2	
exacerbations	 per	 person	 year)	 incidence	 of	 exacerbations.	 3	 cohorts	 with	 high	 incidence	 of	
exacerbations,	4	cohorts	with	moderate	incidence	of	exacerbations	and	19	cohorts	with	low	incidence	of	
exacerbations	were	included	(for	1	of	the	27	cohorts	the	related	data	were	not	retrieved).	Sample	sizes	
ranged	 from	109	 to	8020.	The	definition	and	measurement	of	exacerbations	was	 symptom-based	 in	7	































































Outpatient	primary	care	 Prospective		 793	 793	 67	 71	 53	 Event-based	 up	to	2	 >222	2	 1586	 >0.14	
Low	 Parshall	(2008)		 UK	 Outpatient	primary	care	 Prospective		 309	 127	 70	 50	 56	 Symptom-
based	3	
up	to	1	 >98	4	 127	 >0.77	
Low	 Motegi	(2013)	 Japan	 Outpatient	secondary	care	 Prospective		 232	 183	 71	 56	 93	
Symptom-	and	
event-based	 up	to	2	 193	 366	 0.53	
Low	 Almagro	(2014)	 Spain	 Outpatient	secondary	
care	









Prospective		 395	 377	 72	 41	 94	 Event-based	 1	 -	 -	 -	
Low	 Jones	(2009)	 England	 Outpatient	secondary	
care	
Prospective		 297	6	 175	7	 67	 42	 71	 Symptom-
based	
up	to	9	 50	 1575	 0.03	








care	 Prospective		 2164	 2138	 63	 48	 65	 Event-based	 up	to	3	 1452	 5725	
10	 0.25	
Low	 Thomsen	(2013)	 Denmark	 Outpatient	tertiary	care	 Prospective	11	 8020	 6574	 67	 80	 47	 Event-based	 4	12	 3083	 26296	
0.12	
	
Low	 Moberg	(2014)	 Denmark	 Outpatient	tertiary	care	 Prospective		 695	 674	 69	 37	 36	 Unclear	 5.5	13	 >421	14	 3822	15	 >0.11	
Low	 Ong	(2005)	 Singapore	 Outpatient	tertiary	care	 Retrospective	 127	 127	 71	 44	 91	 Symptom-
based	
1.35	16	 318	17	 171	18	 0.08	
Low	 Takahashi	(2012)	 Japan	 Outpatient	tertiary	care	 Prospective		 109	 93	 73	 55	 100	 Symptom-based	 up	to	1	 92	
19	 93	 0.88	





tertiary	care	 Prospective	 346	 312	 69	 36	 92	
Symptom-
based	 1.1	
21	 >197	22	 343	 >0.57	







121	 121	 65	 58	 84	 Event-based	 up	to	1	 >62	24	 121	 >0.51	








Inpatient	tertiary	care	 Prospective		 416	 406	 69	 34	 49	 Event-based	 up	to	1	 >246	26	 406	 >0.61	
Low	 Amalakuhan	
(2012)	















tertiary	care		 Prospective		 173	 167	 71	 54	 99	 Event-based	
30	 1.25	31	 263	30	 210	 1.25	
Moderate	 Marin	(2009)	 Spain	 Outpatient	tertiary	care	 Prospective	 275	 275	 65	 49	 100	 Event-based	 5.1	32	 2735	33	 1402	34	 1.95	
Moderate	 Hurst	(2010)	 12	
Countries	
Inpatient	tertiary	care	 Prospective		 2164	 2138	 63	 48	 65	 Event-based	 up	to	3	 6927	35	 5725	36	 1.21	
High	 Chen	(2005)	 Taiwan	 Outpatient	secondary	
care	





tertiary	care	 Prospective		 115	 115	 67	 43	 47	 Event-based	 1.5	
38	 683	39	 207	 3.30	








multiple	 (>=2)	events;	 29338	patients	with	at	 least	1	exacerbation;	226	patients	had	 instead	at	 least	1	moderate	 to	 severe	exacerbation;	 30Two	different	outcomes	analyzed:	number	of	acute	exacerbation	and	COPD	related	hospitalization.	 In	 this	 table	are	only	presented	 the	data	 for	 the	outcome	acute	




























two	 categories	 statistical	 method	 and	 performance	 evaluation).	 Finally,	 2	 studies	 78,93	 performed	 an	
internal	validation	118	and	2	studies	72,87	an	external	validation	(other	studies	had	a	validation	cohort,	but	





































details	of	 the	 two	validation	cohorts	are	 shown	as	well,	 for	a	 total	of	29	 rows);	 some	papers	 included	
different	analyses,	 in	one	case	92	different	statistical	methods	were	shown;	 in	order	to	avoid	confusion	
for	the	reader,	we	have	included	in	Table	2	only	1	statistical	method	per	study,	apart	from	the	already	







procedure	 of	 the	 variables	 (i.e.	 univariable	 selection	 process	 relying	 on	 p	 values,	 stepwise	 selection	
Figure 2 Quality Assessment 
1) Study flow description from screening of the patients to patients included in the statistical analysis  
2) Definition and measurement of the predictors 
3) Definition and measurement of the outcome 
4) Statistical method used and eventual procedure of predictors’ selection 
5) Separated evaluation of discrimination and calibration of the model 









27	 prediction	 models).	 Measures	 of	 overall	 performance	 (like	 R2	 or	 log-likelihood)	 and	 of	 calibration	
(Hosmer-Lemeshow	p-value	or	chi-square)	were	less	common	(provided,	respectively,	for	12,	3,	6	and	5	















































































































































































































23	 7	 HR	 0.71	 -	 -	 -	 -	
Jakob	(2013)	84	 Cox	regression	 1.5	23	 Any	exacerbation	24	 Derivation	
Predefined	
variables	




























































The	use	of	prediction	models	 in	practice	needs	to	balance	the	clinical	availability	of	predictors,	 i.e.	 the	







Table	 3	 shows	 the	 assessment	 of	 the	 readiness	 of	 the	 prediction	 models	 for	 clinical	 practice.	 The	
availability	of	 predictors	was	based	on	 the	assessment	of	 the	availability	of	 single	predictors	 and	how	
many	of	them	were	in	different	categories	of	availability	(as	shown	in	the	online	material,	"1"	refers	to	a	
simple	 test	or	simple	questions	or	medical	charts,	 "2"	 refers	 to	 routine	 tests,	 	 "3"	 refers	 to	specialised	





























Study	 Availability	predictors	 External	validation	 Practical	applicability	
Bertens	(2013)	87	 E	 Y	 N	





Almagro	(2006)	68	 D	 N	 Y1	
Brusse-Keizer	(2011)	78	 E	 N2	 N	
Amalakuhan	(2012)	93	 E	 N3	 N	
Jones	(2009)	70	 E	 N4	 N	
Echave-Sustaeta	(2010)	95	 E	 N	 N	
Jakob	(2013)	84	 E	 N	 N	
Motegi	(2013)	81	 E	 N	 N	
Lee	(2014)	92	 E	 N	 N	
Parshall	(2008)	86	 E	 N	 N	
Chen	(2006)	89	 M	 N	 N	
Gudmundusson	(2005)	82	 M	 N	 N	
Hurst	(2010)	73	 M	 N	 N	
Suetomo	(2014)	85	 M	 N	 N	
Faganello	(2010)	77	 D	 N	 N	
Ko	(2011)	76	 D	 N	 N	
Ong	(2005)	94	 D	 N	 N	
Garcia-Aymerich	(2003)	88	 D	 N	 N	
Marin	(2009)	75	 D	 N	 N	
Moberg	(2014)	74	 D	 N	 N	
Moy	(2014)	90	 D	 N	 N	
Müllerova	(2015)	71	 D	 N	 N	
Takahashi	(2012)	79	 D	 N	 N	
Thomsen	(2013)	69	 D	 N	 N	
The	field	“Availability	predictors”	refers	 to	how	easy	 is	 to	obtain	the	data	related	to	the	predictors:	E	 (easy),	M	(medium),	D	
(difficult);	the	field	“External	validation”	refers	to	the	reliability	of	the	model	in	terms	of	comparison	of	performance	between	
derivation	 and	 eventual	 validation	 cohort:	 Y	 (yes),	 N	 (no).	 The	 field	 “Practical	 applicability”	 indicates	 if	 it	 is	 easy	 to	 extract	
individual	likelihoods	of	exacerbation	from	the	model:	Y	(yes),	N	(no).	Studies	presenting	different	models	are	considered	only	
once,	with	 exception	of	Almagro	 (2014)	where	different	predefined	 indices	 are	 shown.	 1The	paper	 explains	how	 to	 you	 can	
obtain	probabilities	starting	from	the	logistic	regression	equation	and	indicates	how	to	calculate	individual	probabilities	starting	





















Strengths	of	 this	 systematic	 review	are	 the	adherence	 to	 rigorous	systematic	 review	methodology	and	
reporting	guidelines,	apart	from	a	thorough	search	strategy	and	a	great	effort	for	retrieving	the	needed	
information	 from	the	authors.	A	 limitation	could	be	considered	the	broad	 inclusion	criteria	concerning	
the	definition	of	 exacerbation,	 potentially	 introducing	heterogeneity	 among	models.	 Furthermore,	 the	
adopted	broad	definition	of	prediction	model	could	have	allowed	the	inclusion	of	studies	not	meant	to	
concern	 prediction,	 but	 only	 evaluating	 the	 association	 of	 an	 index	 (or	 a	 multivariable	 regression	







methodology	 for	 developing	 the	models	 should	 be	 adopted	 119.	 For	 instance,	 in	 certain	medical	 fields	
some	 indices	were	validated	and	are	currently	used	 in	clinical	 setting	 for	 risk-stratified	prevention	and	
treatment.	The	cardiovascular	field,	for	example,	has	a	long	tradition	that	started	with	the	Framingham	
Risk	Score	predicting	the	risk	of	cardiovascular	disease	16	and	led	to	clinical	guidelines	that	heavily	rely	on	
risk-stratified	 prevention	 of	 cardiovascular	 disease	 7,8.	 In	 COPD,	 high	 quality	 prediction	 models,	 for	
example	the	BODE	and	ADO	indices,	have	been	developed	and	externally	validated	for	the	outcome	of	
mortality	54–56.	There	is	also	a	research	need	to	better	understand	how	prediction	models	could	be	made	
as	 attractive	 as	 possible	 to	 use	 in	 practice.	 The	 optimal	 balance	 between	 availability	 of	 predictors,	
practical	 applicability	 and	 predictive	 measurement	 properties	 is	 not	 yet	 well	 understood	 20,120.	 It	 is	
paramount	 that	 prediction	 models	 are	 validated	 thoroughly	 in	 order	 to	 make	 sure	 that	 the	 risk	
predictions	 are	 accurate	 across	 different	 populations	 and	 could	 be	 used	 with	 confidence	 for	 risk-
stratified	treatment	18,26.	Finally,	it	would	be	ideal	if	the	COPD	community	agreed	on	a	single	or	very	few	
different	 exacerbation	 prediction	 models	 since	 validations	 and	 implementation	 research	 are	 more	
efficient	if	there	is	a	common	prediction	model	as	compared	to	having	many	different	prediction	models	
121.	 Such	a	prediction	model	 can	always	be	 improved	by	opportunely	updating	 it	 (if	 necessary)	 in	new	











































































































































































































































































































































































































































































































































































































































2Servicio	 de	 Neumología,	 Instituto	 de	 Investigación	 del	 Hospital	 Universitario	 de	 la	 Princesa	 (IISP),	
Universidad	Autónoma	de	Madrid	































































Luckily,	 the	collection	of	 “big	data”	 32	and	 the	growing	availability	of	 individual	patient	data	 (IPD)	data	
analyses	33–38	provide		researchers	with	new	opportunities	and	challenges	43,44.	Furthermore,	the	call	of	
the	medical	 community	 for	 data	 sharing	 42	 improves	 the	 possibilities	 of	 checking	 a	model’s	 predictive	
performance	 across	 clinical	 settings,	 populations,	 and	 subgroups	 43.	 The	 COCOMICS	 study	 47	 is	 a	 rare	





network	meta-analysis	 (MSC),	 extends	 the	 simple	 pooling	 approach	 to	 pool	 direct	 comparisons	 taken	
from	different	studies,	as	a	meta-analysis	across	studies	provides	 in	general	higher	quality	 information	
compared	 to	 the	 analysis	 of	 a	 database,	 constituted	 pooling	 together	 the	 single	 studies	 48,49.	 This	
























We	 developed	 a	 comprehensive	 approach	 to	MSC	 to	 assess	 various	 prediction	models	 using	 network	
meta-analysis	with	 individual	patient	data,	providing	external	validation	and	concurrent	comparison	of	
the	 scores,	 and	 applied	 it	 to	 risk	 prediction	 scores	 for	 mortality	 in	 COPD	 40,140.	 After	 careful	
methodological	 issues	 (see	 also	 online-only	 material,	 where	 we	 go	 deeper	 into	 the	 statistical	
background)	 the	 following	 approach	was	 developed:	 we	 calculated	 aggregated	 summary	 statistics	 for	
each	cohort	and	score.	Then,	we	examined	the	network	structure	by	grouping	the	cohorts	according	to	
which	 scores	 could	 be	 evaluated.	 We	 adapted	 methodology	 from	 network	 meta-analysis	 134	 to	






1. Ordinary	meta-analysis	 to	 gain	 the	 direct	 estimates	 for	 corresponding	 pooled	 effect	 estimates	
(using	 the	 inverse-variance	 weighted	 means	 of	 the	 corresponding	 cohorts).	 Cohorts	 at	 our	
disposal	are	classified	into	“groups”	according	to	which	scores	it	is	possible	to	evaluate	by	their	
data.	
2. Based	on	 the	direct	estimates	and	 their	 variances	 from	 the	 first	 stage,	 they	obtain	 to	 find	 the	
optimal	 estimate	 of	 the	 pooled	 effect	 parameters	 that	 obeys	 the	 fundamental	 consistency	


































Cohort	 ΔAUC	–	AB	 ΔAUC	-	AC	 ΔAUC	-	AD	
X,	 0.05	 --	 0.07	




























































G	 Scores	 Cohorts	 n	 D	 Q	 df	 τ	
1	 A,	B	 R	 4000	 350	 28	 0	 0.019	
2	 A,	C	 S,	T	 1000	 200	 15.5	 1	 0.014	
3	 A,	B,	D	 U,	V	 			3000	 300	 13.4	 2	 0.004	









































































meta-analysis	 are	 transitivity	 (a	 key	 assumption	 related	 to	 consistency),	 heterogeneity	 (differences	 in	
estimates	 of	 the	 same	 treatment	 or	 score	 contrasts	 coming	 from	 different	 studies)	 and	 inconsistency	
(comparing	direct	and	indirect	estimates,	sometimes	referred	to	as	incoherence)	142,148.	A	key	assumption	
of	 consistency	 is	 transitivity	 (sometimes	 referred	 to	 as	 similarity	 149)	 among	 the	 treatment	 effects	
133,142,149–153,	 that	 is,	 that	 indirect	 comparisons	 are	 valid	 estimates	 of	 (unobserved)	 direct	 comparisons.	
Therefore	 one	 statistical	 approach	 to	 check	 for	 transitivity	 in	 our	 case	 is	 to	 explore	 the	 distribution		









In	 case	 of	 variables	 directly	 affecting	 the	 performance,	 we	 used	 analysis	 of	 variance	 (ANOVA)	 to	 see	
whether	 the	 distribution	 of	 the	 identified	 variables	 was	 imbalanced	 in	 the	 groups	 and	 could	
consequently	generate	 imbalance	 in	 the	performance	group	by	group.	 In	case	of	homogenous	groups,	
we	cannot	reject	the	null	hypothesis	of	transitivity.	With	this	method	we	assess	as	well,	the	eventuality	
that	within-cohort	heterogeneity	could	affect	the	analysis	when	“case-mix”	is	present	(i.e.	heterogeneity	








































































































































































































Table 6 Stage I and Stage II Results of the MSC Meta-Analysis (Comparison With the GOLD Classification) 
Stage g ADO BODEupd eBODE BODE SAFE BODEx DOSE BAED newGOLD 
I 1 0.097                       
(0.07, 0.123) 
        
I 2 
0.098                      
(0.057, 
0.139) 
0.124                       
(0.078, 0.17) 
 
0.098                      
(0.059, 
0.137) 
     
I 3 
0.044                              
(-0.03, 
0.117) 




0.019                           
(-0.054, 
0.091) 
    
-0.011(-0.053, 
0.03) 
I 4 0.042                         
(0.01, 0.074) 
0.043                          
(0.008, 0.078) 
 
0.049                        
(0.017, 
0.081) 
0.037                      
(0.005, 
0.069) 




0.099                          
(0.076, 
0.123) 
    
0.056                         
(0.035, 
0.076) 
0.036                          
(0.015, 
0.057) 
0.032                         
(0.005, 
0.058) 
0.028                        
(0.008, 0.047) 
I 6 
0.076                     
(0.027, 
0.126) 
0.043                            
(-0.006, 
0.092) 
0.048                         
(0.004, 
0.093) 




0.030                                     
(-0.015, 
0.074) 





0.008                             
(-0.031, 0.047) 
II  
0.083                       
(0.069, 
0.097) 
0.072                          
(0.051, 0.093) 
0.069                       
(0.044, 
0.093) 
0.064                       
(0.045, 
0.082) 
0.052                           
(0.022, 
0.082) 
0.045                      
(0.029, 
0.061) 
0.027                        
(0.010, 
0.045) 
0.016                                  
(-0.007, 
0.038) 












































fashion	similar	 to	 standard	network	meta-analysis	 results.	The	only	difference	 is	 that	 the	performance	
measure	 is	not	mean	difference	between	treatments,	or	 log	odds	 ratio,	but	difference	 in	performance	
measure	 such	 as	 AUC.	 Measures	 of	 heterogeneity	 and	 inconsistency	 can	 however	 be	 calculated	 and	
interpreted	 in	 the	 usual	 fashion	 142.	 For	 instance,	 a	 definition	 similar	 to	 the	 one	 used	 for	 the	
heterogeneity	 for	meta-analysis	 of	 direct	 comparisons,	 can	 be	 used	 for	 the	 heterogeneity	 of	 network	
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Age	(y)	 	 	 	 	 0	(40-49)	
2	(50-59)	




Abbreviations:	 BMI=body-mass	 index;	 FEV1%	pred.=forced	 expiratory	 volume	 in	 1	 second	 percentage	 predicted;	
mMRC=modified	Medical	Research	Council	dyspnea	scale;	6MWT=6-minute	walk	test;	CAT=COPD	Assessment	Test;	
SGRQ=Saint	 George’s	 Respiratory	 Questionnaire;	 previous	 exacerbations	 are	 referred	 to	 the	 previous	 year.	
GOLD=Global	initiative	for	chronic	Obstructive	Lung	Disease;	BODE=Body	mass	index,	airflow	Obstruction,	Dyspnea	
and	severe	Exacerbations;	BODE	upd.=BODE	updated;	ADO=Age,	Dyspnea,	airflow	Obstruction	(we	use	in	the	our	
analysis	 the	 updated	 version	 of	 the	 ADO	 score);	 e-BODE=severe	 acute	 exacerbation	 of	 COPD	 plus	 BODE;	
BODEx=Body	 mass	 index,	 airflow	 Obstruction,	 Dyspnea,	 severe	 acute	 Exacerbation	 of	 COPD;	 DOSE=Dyspnea,	
Obstruction,	 Smoking	and	Exacerbation	 frequency;	 SAFE=Saint	George’s	Respiratory	Questionnaire	 (SGRQ)	 score,	
Air-Flow	 limitation	 and	 Exercise	 capacity;	 B-AE-D.=Body-mass	 index,	 Acute	 Exacerbations,	 Dyspnea	 (we	 use	 the	









































	 	 	 	 	 	 	 	



































1. Ordinary	 meta-analysis	 (stage	 I)	 to	 obtain	 the	 direct	 estimates	 for	 pooled	 differences	 in	 AUC	
(using	 the	 inverse-variance	weighted	means	of	 the	 corresponding	 cohorts).	 The	meta-analyses	
were	 done	 within	 each	 group	 of	 cohorts	 where	 data	 for	 the	 same	 prognostic	 scores	 were	
available.	
2. In	this	stage	II,	we	merged	the	estimates	for	the	differences	in	AUC	from	the	groups	of	cohorts,	
looking	 for	 the	weighted	 least	 squares	 solution	 to	 the	 regression	problem	equation.	Based	on	
the	 direct	 estimates	 and	 their	 variances	 from	 the	 first	 stage,	 we	 estimated	 the	 pooled	
differences	in	AUC	that	obeyed	fundamental	consistency	equations.	Thus	in	stage	II,	the	Stage	I	
estimates	 for	 the	 differences	 in	 AUC	were	 combined	 across	 groups	 of	 cohorts	 to	 give	 overall	
performance	estimates	for	the	entire	network.	




met.142	 Heterogeneity	 in	 the	 MSC	 analysis	 was	 evaluated	 by	 the	 pooled	 heterogeneity	 variance	
among	 groups	 (τ2pooled).	 We	 assessed	 “transitivity”	 through	 ANOVA	 tests.	 Thus	 we	 assessed	 the	
comparability	of	the	cohorts	across	whom	the	predictive	performance	of	a	score	may	vary	because	
of	 a	 “spectrum	 effect”191	 or	 “case	 mix”	 43,46,155.	 We	 also	 assessed	 consistency	 142	 between	 direct	
evidence	 and	 MSC	 meta-analysis	 estimates	 using	 Q	 likelihood-ratio	 test	 statistic	 to	 evaluate	 the	































































COPDgene	 337	 4484	 10603	 63	(9)	 56	 57.4	
(22.8)	
















186	 2287	 6618	 61	(9)	 54	 70.5	
(23.7)	
1.3	 		 		 71	 25	
(4.2)	
		 		 		




1.3	 0.15	 0.6	 47	 25.4	
(5)	
		 		 		
Zaragoza	IIa	 118	 1150	 3069	 63	(9)	 93	 62.3	
(20.3)	









1.3	 		 		 47	 26.4	
(4.4)	
		 		 		
Galdakaoa	 92	 543	 1497	 68	(8)	 96	 55	
(13.3)	





Barmelweidb	 79	 232	 555	 72	(9)	 60	 45.2	
(16.1)	

























Terrassa	Ia	 72	 135	 284	 72	(9)	 92	 41.3	
(13)	
1.3	 0.25	 1.03	 17	 26.3	
(4.9)	
		 		 		
SEPOCb	 61	 318	 871	 65	(9)	 100	 45	
(18.3)	
1.5	 		 		 38	 26.4	
(4.2)	
		 		 		
Requena	IIa	 52	 186	 396	 71	(9)	 99	 44.5	
(16.5)	











1.5	 0.13	 0.58	 39	 26.1	
(5.2)	
		 		 		
PAC-COPDb	 41	 342	 980	 68	(9)	 93	 52.4	
(16.2)	














Terrassa	IIa	 28	 66	 145	 72	(9)	 98	 30.2	
(12.9)	





Requena	Ia	 23	 174	 393	 72	(9)	 99	 48.1	
(16.8)	





Zaragoza	Ia	 21	 137	 379	 66	(8)	 99	 49.8	
(17.6)	







17	 115	 292	 70	(7)	 79	 41.5	
(13.4)	









Abbreviations:	 FEV1%	 pred.=forced	 expiratory	 volume	 in	 1	 second	 percentage	 predicted;	
mMRC=modified	 Medical	 Research	 Council	 (MMRC)	 dyspnea	 scale;	 past	 exacerbators	 are	
defined	 as	 patients	with	more	 than	 1	 exacerbation	 in	 the	 previous	 year;	mean	 #	 previous	
exacerbations	 are	 referred	 to	 the	 previous	 year;	 BMI=body-mass	 index;	 6MWT=6-minute	
walk	test;	SGRQ=Saint	George’s	Respiratory	Questionnaire;	CAT=COPD	Assessment	Test.				
	
The	 cohorts	 are	presented	 in	decreasing	order	of	number	of	events.	Most	of	 the	variables	
available	 provided	 by	 the	 3CIA	 collaboration	 for	 the	 different	 cohorts	 are	 shown.	 In	
particular,	 we	 show	 all	 the	 variables	 constituting	 the	 scores	 analyzed	 in	 our	 study.	 We	
present	 the	 standard	 deviation	 for	 all	 individual	 variables,	 whose	 distribution	 is	

























Basqueb	 16	 106	 299	 71	(9)	 98	 46.9	
(11.4)	





Japan	 15	 147	 409	 69	(7)	 100	 47.1	
(17.5)	
















Pamplonaa	 7	 190	 470	 65	(8)	 84	 68.9	
(19.9)	







3	 99	 147	 64	(9)	 60	 48.8	
(18.6)	
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Copenhagen*, HUNT, Japan, SEPOC* (378 deaths)
Barmelweid*, Basque*, Galdakao†, Pamplona†, Zaragoza I† (215 deaths)
Mar de Plata Argentina, PAC-COPD*, Son Espases Mallorca (61 deaths)
COPDgene (337 deaths)
Genkols, ICE COLD ERIC, Initiatives BPCO, Sevilla†, Terrassa I†, Terrassa III†, Zaragoza II† (722 deaths)
















































































































Our	 study	has	 two	main	 findings.	 Firstly,	 our	 results	 indicate	 that	 the	ADO	 index	has	 the	best	
ability	 to	 predict	 3-year	mortality	 in	 patients	 with	 COPD,	 followed	 by	 the	 updated	 BODE	 and	 eBODE	
indices.	 Given	 its	 simplicity,	 the	 ADO	 index	may	 be	 the	most	 attractive	 option	 across	 care	 settings	 to	
inform	patients	and	health	care	professionals	about	prognosis	and	to	inform	treatment	decisions	whose	
effectiveness	may	 depend	 on	 life	 expectancy.	 Secondly,	 we	 presented	 a	 comprehensive	 approach	 for	
external	validation	and	concurrent	comparison	of	prognostic	scores	and	its	first	application.	MSC	meta-




external	 validation	 and	 concurrent	 comparison	 of	 risk	 prediction	models	 and	 scores	 that	 should	 take	
advantage	of	data	sharing,	individual	patient	data	(IPD)	and	advanced	analytical	techniques	31,33,34,43,182.		
In	 practice,	 the	GOLD	 score	 using	 just	 lung	 function	 is	 used	most	 commonly	 to	 grade	 disease	
severity,	which	 is	 traditionally	 related	 to	 prognosis	 as	 in	 other	 fields	 (e.g.	 cancer).	 FEV1%	pred.	 (thus,	
GOLD	classification)	is	a	very	important	parameter	at	the	population-level	in	the	prediction	of	important	
clinical	 outcomes	 such	 as	 mortality	 and	 hospitalization.	 The	 revised	 combined	 COPD	 assessment	
integrates	 the	severity	of	airflow	 limitation	assessment,	providing	also	 information	regarding	symptom	
burden	 and	 risk	 of	 exacerbation	 50.	However,	 the	 results	 of	 our	 analysis	 show	 that,	when	 the	 aims	 to	
predict	mortality	 in	 individuals,	other	 scores	 such	as	ADO,	updated	BODE	and	eBODE	are	 substantially	
better	than	the	GOLD	classifications	(in	our	analysis,	GOLD	and	GOLD	2011-2016).		
The	predictive	performance	of	a	prognostic	score	is	important,	but	it	is	not	the	only	criterion	to	
choose	 a	 prognostic	 score	 for	 practice.	 Indeed,	 with	 an	 eye	 towards	 applicability,	 the	 time,	 cost	 and	
burden	 for	patients	and	practitioners	 to	measure	the	predictors	of	a	prognostic	score	should	be	taken	
into	consideration	192.	We	deem	a	prognostic	score	such	as	ADO	to	be	easily	available	if	it	only	includes	
simple	 questions,	 easily	 available	 information	 from	medical	 charts	 and	 spirometry	 (performed	 for	 the	




prediction	 scores	 cannot	 provide	 risk-stratified	 treatment	 guidance.	 However,	 prognostic	 scores	 may	
help	to	make	randomized	trials	with	all-cause	mortality	as	primary	outcome	more	efficient	than	previous	
trials	 by	 only	 including	 patients	 at	 higher	 risks	 101.	 Also,	 prognostic	 scores	 for	 all-cause	 mortality	 are	
particularly	 attractive	 for	multi-morbid	 patients	 such	 as	 COPD	 patients,	where	 cardiovascular	 disease,	
diabetes,	renal	disease	and	lung	cancer	also	contribute	to	mortality	103.	Patients	with	COPD	often	receive	
less	 than	 optimal	 prevention	 and	 treatment	 of	 cardiovascular	 disease,	 which	 may	 partly	 reflect	 a	
therapeutic	 nihilism.	 Of	 course,	 there	 are	 patients	 who	 are	 unlikely	 to	 benefit	 from	 long	 term	
cardiovascular	 prevention	 because	 of	 short	 life	 expectancy.	 However,	 a	 prognostic	 score	 provides	 a	
better	basis	 for	decisions	on	cardiovascular	prevention,	 lung	cancer	screening	or	other	treatments	and	
may	limit	under-	and	over-treatment	in	COPD	1,194,195.	
Many	 prognostic	 models	 and	 scores	 (as	 the	 models’	 simplified	 form)	 are	 never	 validated	 in	
practice	and	many	investigators	develop	a	second	model	instead	of	relying	on	existing	scores	at	least	as	a	
starting	point.	Such	practice	has	led	to	numerous	prognostic	scores	for	the	same	conditions	that	are	left	
without	 external	 validation.	 Thus,	 we	 introduced	 MSC	 meta-analysis,	 which	 addresses	 the	 lack	 of	
external	validation	and	comparisons	of	prognostic	scores	by	providing	a	comparison	of	their	predictive	
performance	in	external	validation	cohorts	and	simultaneously	considering	the	entire	network	of	direct	
and	 indirect	 comparisons.	 Thereby,	 it	 allows	 for	 a	 comparison	 of	 predictive	 performance	 that	 is	 not	
limited	 by	 non-comparable	 spectrum	 of	 populations	 as	 it	 is	 commonly	 the	 case	 when	 evaluating	 the	
results	of	 independent	validation	studies.	MSC	meta-analysis	 can	be	applied	 to	any	medical	 field,	with	
the	availability	of	individual	patient	data	being	the	only	major	limiting	factor.	
Strengths	 of	 our	 study	 are	 the	 careful	 analytical	 approach	 to	 MSC	 meta-analysis	 and	 the	
availability	 of	 the	 R	 code	 that	 allow	 for	 widespread	 use	 and	 potential	 further	 development	 of	 the	




quality	 database	 of	 the	 3CIA	 collaboration	 with	 the	 broadest	 possible	 COPD	 patient	 spectrum.	 The	
diverse	 case	 mix	 and	 broad	 patient	 spectrum	 greatly	 increases	 the	 probability	 that	 our	 results	 are	
generalizable	 to	all	COPD	patients.	A	 limitation	of	 the	study	 is	 that,	 ideally,	a	network	meta-analysis	 is	
conducted	 prospectively	 and	 jointly	 planned	 for	 all	 of	 the	 cohorts	 involved	 to	 ensure	 equality	 of	 the	
clinical	 settings	 and	 homogeneity	 of	 study	 design,	 conduct	 and	 variable	 definitions.	 Though,	 this	 will	
rarely	be	the	case	in	reality.	Another	limitation	of	our	analysis	is	that	we	only	used	AUC	as	a	performance	
measure,	which	we	 did	 for	 theoretical	 and	 practical	 reasons	 (see	 supplementary	material);	 in	 general	
improvements	 in	 AUC	 have	 to	 be	 interpreted	 with	 caution	 196.	 Furthermore,	 we	 cannot	 exclude	 the	
possibility	of	case-mix	effects	due	to	variables	that	were	not	available	in	the	database	or	unknown.		
Further	 research	 needs	 include	 the	 extension	 of	 MSC	 to	 include	 measures	 of	 calibration,	 which	 is	
arguable	as	important	as	discrimination.	For	the	area	of	COPD,	it	would	be	attractive	to	apply	MSC	to	risk	










































































































































































































































































































































































































































































































































































































































































medical	 fields	 are	 already	 in	 the	 stage	 of	 clinical	 application,	 being	 supported	 by	 guidelines,	 which	
strongly	 recommend	 the	use	of	prediction	models.	 For	 instance,	 in	 cardiovascular	disease,	 the	 famous	
Framingham	risk	score	 is	already	widely	accepted2–5	and	 is	used	 in	clinical	practice	 to	complement	 the	
assessment	 of	 the	 clinicians;	 for	 instance,	 in	 the	 UK	 general	 practitioners	 have	 routine	 access	 to	 risk	
score	calculators.6	In	other	fields,	like	COPD,	the	use	of	prediction	models	is	still	half	way	through;	some	
promising	models	were	developed,	but	they	are	mostly	used	in	research	but	not	widely	accepted	by	the	
medical	community	yet.	Clinicians	are	often	reluctant	to	use	models	 that	do	not	 look	 intuitive,	neither	
doctor-	nor	patient-friendly,	which	are	thus	not	easy	to	use	 in	practice.6	 In	particular,	one	of	 the	most	
famous	COPD	guidelines	reports	only	a	brief	paragraph	to	speak	about	only	one	of	the	dozens	of	models	
developed	in	the	field.7	
The	 skepticism	 of	 clinicians	 is	 in	 part	 justified,	 because	 some	 prerequisites	 for	 the	 use	 of	 prediction	












This	 dissertation	 has	 addressed	 some	 of	 these	 critical	 points	 both	 from	 a	methodological	 and	 COPD-





sharing,23,24	 individual	patient	data	 (IPD)	and	advanced	analytical	 techniques.22,25–31	 Indeed,	widespread	
recognition	of	the	value	of	collaborative	initiatives,	together	with	medical	registries	(where	either	active	








This	 thesis	 provides	 the	 new	 methodology	 of	 MSC	 meta-analysis	 that	 allows	 for	 extensive	 external	
validation	 of	 all	 prediction	models	 that	 are	 assessed	 in	 a	 given	 number	 of	 cohort	 studies.	 Until	 now,	
prediction	 models	 were,	 if	 at	 all,	 validated	 in	 one	 or	 few	 external	 cohort	 studies.	 MSC	meta-analysis	
probably	 provides	 the	 most	 definitive	 estimates	 of	 prediction	 model	 performance	 possible	 since	 the	












prediction	 models	 great	 caution	 is	 needed	 because	 exacerbations	 were	 defined	 and	 measured	 in	




In	 contrast	 to	exacerbations,	 the	evidence	base	on	 the	performance	of	prediction	models	 for	death	 is	
now	 strong,	 thanks	 to	 the	 first	 application	 of	MSC	meta-analysis	 to	 a	 large	 number	 of	 COPD	 patients	
from	 diverse	 settings.	 There	 is	 clearly	 room	 for	 improving	 their	 predictive	 performance,	 but	 for	 the	
existing	prognostic	scores	evaluated	 in	this	thesis,	 there	 is	now	strong	evidence	on	their	 (comparative)	
performance.	Our	MSC	meta-analysis	 showed	 that	 the	 ADO	 and	 BODE	 updated	 index	 clearly	 perform	
best	and	the	easy	availability	of	the	three	predictors	of	the	ADO	index	speaks	for	adopting	this	score	in	
research	and	practice.33	While	 risk-stratified	 treatment	of	COPD	based	on	mortality	may	not	be	at	 the	
core	of	COPD	management,	the	prediction	of	mortality	may	guide	clinicians	in	the	use	of	other	therapies	













Finally,	 the	ADO	and	updated	BODE	 scores	 as	 the	most	 accurate	 scores	 can	be	used	 to	 identify	COPD	
patients	 for	 trials,	 that	 have	 specific	 eligibility	 criteria	 in	 terms	 of	mortality.	 Some	 trials	may	want	 to	
identify	patients	at	low	risk	for	mortality,	whereas	other	trials	with	mortality	as	an	outcome	may	go	for	
moderate	to	high	risk	patients	 in	order	 to	make	these	trials	as	efficient	as	possible	 in	 terms	of	sample	








defined	 by	 the	 patterns	 of	 missing	 data	 (in	 the	 same	 group	 we	 have	 cohorts	 with	 the	 same	 scores	
available,	according	to	the	variables	collected	for	each	database).	As	opposed	to	the	MSC	meta-analysis,		
a	second	promising	approach	for	external	validation	and	comparison	of	prediction	models	is	to	impute	all	
the	 missing	 data,	 not	 only	 for	 the	 variables	 existing	 in	 the	 cohort	 databases,	 but	 also	 for	 variables	
completely	 missing	 in	 individual	 databases.	 Imputing	 a	 whole	 variable	 in	 a	 cohort	 could	 sound	 not	
intuitive	 or	 not	 reliable;	 however,	 recent	 studies	 support	 the	 imputation	 or	 predictors	 even	 in	 the	
extreme	 scenario	 of	 variable	 completely	 missing.34	 With	 this	 approach,	 the	 patterns	 of	 missing	 data	
would	disappear	and	we	would	not	need	a	network	meta-analysis	approach	anymore.	At	first	glance,	the	
MSC	 meta-analysis	 should	 be	 a	 more	 conservative	 approach	 when	 several	 variables	 are	 completely	
missing	 in	several	cohorts;	 instead,	when	a	small	 fraction	of	variables	are	missing	 in	a	small	 fraction	of	
cohorts,	 the	 “whole-variable	 imputation”	 technique	 could	 be	 more	 precise	 and	 less	 computationally	
burdensome.8,35	A	need	for	medical	research	is	to	further	explore	and	compare	these	two	methodologies	




initially	 developed	 to	 evaluate	 the	 discriminative	 performance.	 It	 needs	 to	 be	 extended	 to	 calibration	












personalized	COPD	 treatment	or	 research.	 Furthermore,	we	 filled	a	main	gap	 in	 the	area	of	prediction	
models	by	developing	 the	methods	 for	MSC	meta-analysis.	Thereby,	 large-scale	external	validation	and	
comparison	of	prediction	models	become	possible.	The	application	of	MSC	meta-analysis	suggests	 that	
the	 ADO	 index	 may	 be	 the	 best	 suited	 score	 to	 use	 in	 clinical	 practice	 for	 prediction	 of	 mortality	 in	
patients	 with	 COPD	 since	 it	 performed	 best	 among	 all	 scores	 and	 since	 its	 components	 are	 easily	
available.		
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